Introduction
Cyanobacteria are an ecologically important group of organisms that significantly impact the carbon and nitrogen cycles in the biosphere (Whitton and Potts, 2000) .
They are characterized by their ability to perform oxygenic photosynthesis, and they are generally capable of photoautotrophic growth (Rippka et al., 1979) . Although many cyanobacteria are strict photoautotrophs, some are capable of photoheterotrophic growth assimilating sugars (Rippka et al., 1979) . Additionally, some heterocystforming cyanobacteria are capable of sugar-dependent chemoheterotrophic growth in the dark (Wolk and Shaffer, 1976; Bottomley and van Baalen, 1978; Schmetterer and Flores, 1988) . Consistently, some sugar transporters that mediate sugar uptake supporting some kind of heterotrophic growth have been identified in cyanobacteria. Well-known examples include a major facilitator superfamily (MFS) glucose transporter, GlcP, that has been characterized in the unicellular cyanobacterium Synechocystis sp. strain PCC 6803 (Zhang et al., 1989; Schmetterer, 1990) and in the heterocyst-forming cyanobacterium Nostoc punctiforme (Ekman et al., 2013) , and an ABC fructose transporter, Frt, that has been characterized in the heterocyst-forming cyanobacteria Anabaena variabilis (Ungerer et al., 2008) and N. punctiforme (Ekman et al., 2013) .
Heterocyst-forming cyanobacteria are filamentous organisms that, in the absence of a source of combined nitrogen, contain two cell types: vegetative cells that fix CO 2 performing oxygenic photosynthesis and heterocysts that are specialized for the fixation of N 2 . In the diazotrophic filament, an exchange of nutrients takes place that results in the transfer of reduced carbon from vegetative cells to heterocysts and of fixed nitrogen from heterocysts to vegetative cells (Wolk, 1968; Wolk et al., 1974; J€ uttner, 1983) . Intercellular molecular exchange has been traced with fluorescent markers (including calcein and 5-carboxyfluorescein) and shown to take place by simple diffusion (Mullineaux et al., 2008; Nieves-Mori on et al., 2017a) . The cyanobacterial filament consists of individual cells surrounded by their cytoplasmic membrane and peptidoglycan layer(s) but sharing the outer membrane, which is continuous along the filament determining the presence of a continuous periplasmic space, and the cells in the filament are joined by proteinaceous structures termed septal junctions (Wilk et al., 2011; Flores et al., 2016; Herrero et al., 2016) . Proteins SepJ (also known as FraG), FraC and FraD that are located at the intercellular septa have been identified as putative components of the septal junctions (reviewed in Flores et al., 2016; Herrero et al., 2016) .
In the heterocyst-forming cyanobacterium Anabaena sp. strain PCC 7120 (hereafter Anabaena), sucrose appears to be a quantitatively important metabolite transferred from vegetative cells to heterocysts (Curatti et al., 2002; Cumino et al., 2007) , where it is hydrolyzed by invertase InvB producing fructose and glucose to support heterocyst metabolism (L opez-Igual et al., 2010; Vargas et al., 2011) . A fluorescent analog of sucrose, esculin (Gora et al., 2012) , has also been used as a marker to trace intercellular molecular transfer, and it has additionally been used to test uptake from the outer medium into Anabaena cells (N€ urnberg et al., 2015) . Three glucoside transporters (or components of transporters) that are involved in uptake of esculin have been identified in Anabaena (Nieves-Mori on et al., 2017b). HepP (Anabaena ORF product All1711) is an MFS transporter that was previously shown to be needed for deposition of the polysaccharide layer of the heterocyst envelope (L opez-Igual et al., 2012), GlsC (Alr4781) is a nucleotide-binding subunit of an ABC transporter and GlsP (All0261) is a transmembrane (permease) subunit of an ABC transporter. In addition to mediating esculin uptake, these proteins were shown to influence the septal junctions. Thus, whereas GlsC is needed for proper localization of SepJ at the intercellular septa, HepP and GlsP influence septal function in a process that may involve interactions with septal protein SepJ (NievesMori on et al., 2017b).
Anabaena is an important model in studies of N 2 fixation, heterocyst differentiation and bacterial multicellularity that has been considered for a long time to be a strict photoautotroph. Recent work has shown however that Anabaena can grow heterotrophically using fructose as long as this sugar is provided at relatively high concentrations ( 50 mM) (Stebegg et al., 2012) . Incorporation of the genes encoding the Frt transporter from A. variabilis into the Anabaena genome permits growth of Anabaena dependent on lower concentrations of fructose (5 mM; Ungerer et al., 2008) . Hence, Anabaena has the metabolic capability to use fructose as a carbon and energy source but lacks a high affinity transporter for this sugar. On the other hand, Anabaena has been recently reported to grow mixotrophically using a number of carbon sources, including some sugars (fructose, glucose, maltose and sucrose), amino acids (glutamate, glutamine and proline) and other simple organic compounds (glycerol and pyruvate) (Malatinszky et al., 2017) . ABC transporters for amino acids (Pernil et al., 2015) and a TRAP transporter that can take up pyruvate (Pernil et al., 2010) are known to be expressed in Anabaena, but transporters that mediate the uptake of sugars are less known. In this study, we addressed the identification of further components of the ABC transporters that mediate esculin uptake and the possible role of those transporters in sugar assimilation as well as in other aspects of the physiology of Anabaena.
Results
Identification and inactivation of further components of glucoside transporters ABC uptake transporters typically comprise one periplasmic solute-binding protein (SBP), two integral membrane proteins [transmembrane domains (TMD)] and two nucleotide-binding domains (NBD) that hydrolyze ATP in the cytoplasm (Cui and Davidson, 2011) . We were interested in the identification of transporter partners of GlsC (NBD) and GlsP (TMD). The genome of Anabaena contains 12 ORFs that encode proteins that are most similar to components of ABC uptake transporters for sugars (Supporting Information Table S1 ). These genes are spread in the Anabaena genome precluding the possibility of predicting their association in specific ABC transport complexes. Orthologs of glsC have no neighbors encoding ABC transporter components in any of the cyanobacterial genomes whose sequence is available (https://img.jgi.doe.gov/cgi-bin/m/ main.cgi). Orthologs of glsP are however frequently accompanied by another ABC TMD-encoding gene in the genomes of heterocyst-forming cyanobacteria (Supporting Information Fig. S1 ). The Anabaena gene most similar to this gene is alr2532. In some heterocystforming and non-heterocyst-forming cyanobacteria, as well as in some other bacteria, a gene encoding a periplasmic SBP is clustered together with those two TMDencoding genes (Supporting Information Fig. S1 ). The Anabaena gene most similar to this gene is all1916. We therefore constructed Anabaena mutants bearing inactivated versions of all1916 or alr2532. No gene encoding an ABC transporter NBD is however clustered together with these genes in any available cyanobacterial genomic sequence. Because in Anabaena there is only one gene other than glsC that encodes a predicted ABC sugar transporter NBD protein, all1823 (Supporting Information Table S1 ), we constructed an Anabaena mutant of this gene as well.
The genes were inactivated by insertion of pCSL145, a plasmid that cannot replicate in Anabaena and bears the npt gene encoding neomycin/kanamycin phosphotransferase. Internal fragments of each of the genes were inserted in pCSL145 to serve as platforms for integration into the Anabaena chromosome by homologous recombination, the constructs were transferred to Anabaena by conjugation, and exconjugants were selected as neomycin-resistant clones (Supporting Information Fig. S2 ). Clones that were homozygous for chromosomes containing the inactivated construct were identified by PCR analysis and named CSMN17 (all1823::pCSL145), CSMN18 (all1916::pCSL145) and CSMN19 (alr2532::pCSL145).
To investigate the possible role of the inactivated proteins in glucoside transport, uptake of esculin was studied with filaments of wild-type Anabaena and the three mutants grown in BG11 medium (containing nitrate) or grown in BG11 medium and incubated for 18 h in BG11 0 medium (lacking any source of combined nitrogen). Strain CSMN17 showed a low esculin uptake activity in either BG11 or BG11 0 medium, strain CSMN18 showed about half of the wild-type esculin uptake activity in either medium, and strain CSMN19 was affected in esculin uptake in BG11 0 medium but not significantly in BG11 medium (Table 1) . Thus, the three genes encode components of transporters that participate in glucoside uptake. We name All1823 as GlsD (NBD), All1916 as GlsR (periplasmic SBP) and Alr2532 as GlsQ (TMD).
Sugar-stimulated growth
We then investigated whether the ABC esculin transporters identified in this work and those described previously (Nieves-Mori on et al., 2017b) could mediate a growth response to sugars. Attempts of growth tests in the dark or in the light in the presence of 10 mM DCMU with sugars gave inconsistent results, and growth tests in shaken cultures failed to show any positive effect of sucrose. However, 100 mM sucrose, fructose or glucose stimulated phototrophic growth of Anabaena on plates, specifically in BG11 0 medium (Fig. 1) . We then tested the effect of the three sugars, added at 50 mM, on growth in standing liquid cultures (in microtiter plates) in the light. Sucrose, fructose and glucose significantly increased the yield of Anabaena in both BG11 and BG11 0 media (Student's t-test p 0.011; see WT in Supporting Information Table S2A ) suggesting mixotrophic growth. Fructose and glucose stimulated growth more than sucrose (Supporting Information Table S2 and Fig. 2 ). In contrast, maltose had only a marginal positive effect on the growth of Anabaena (not shown).
Sucrose-stimulated growth in BG11 and BG11 0 media was drastically hampered by inactivation of the NBD proteins GlsC and GlsD, and it was impaired by inactivation of the TMD proteins GlsP and GlsQ and of the SBP protein GlsR ( Fig. 2 ; see whole set of data in Supporting Information Table S2 ). Fructose-and glucose-stimulated growth was also impaired in all the mutants, and the effect of the inactivation of glsC on glucose-stimulated growth was especially significant. These results show Filaments grown in BG11 medium (in the presence of 5 mg neomycin sulfate [Nm] ml 21 for the mutants) were washed and resuspended in BG11 or BG11 0 (BG11 medium lacking NaNO 3 ) media without Nm and incubated for 18 h under culture conditions. Filaments were then resuspended in the same media supplemented with 10 mM HEPES-NaOH (pH 7) and used in assays of uptake of 100 mM esculin as described in the Supporting Information. Data are mean and SEM of the results from the indicated number of assays performed with independent cultures. Significance of the difference between each mutant and the wild type was assessed by the Student's t-test; p is indicated in each case. NBD, nucleotide-binding domain; SBP, substrate-binding protein; TMD, transmembrane domain. Fig. 1 . Growth of Anabaena on solid BG11 or BG11 0 medium. Media were solidified with 1% Bacto agar and supplemented with 10 mM TES-NaOH (pH 7.5) buffer and, when indicated, 100 mM sucrose, fructose or glucose. Filaments grown in BG11 medium were collected, washed with BG11 0 medium and spotted on plates as shown (successively diluted spots contained 10, 5, 2.5, 1.25 and 0.625 ng chlorophyll a). The plates were incubated for 6 days (BG11 medium) or 10 days (BG11 0 medium) at 308C in the light (ca. 25 mmol photons m 22 s 21 ) in an air atmosphere and photographed.
that the identified ABC uptake transporter components mediate a positive growth response of Anabaena to sucrose, fructose and glucose.
Whereas direct uptake of radiolabeled sucrose (Nicolaisen et al., 2009b; L opez-Igual et al., 2012) and fructose (Stebegg et al., 2012) has been previously shown for Anabaena, to the best of our knowledge uptake of glucose has not been reported. We therefore tested uptake of [ 14 C]glucose in filaments grown in BG11 medium and filaments incubated for 18 h in BG11 0 medium. Anabaena filaments could take up glucose, at higher levels after incubation in BG11 0 medium, but they did so significantly only at relatively high sugar concentrations indicating a very low affinity for the sugar (Supporting Information Fig. S3 ).
Analysis of septal junction function
Inactivation of glsC and glsP in Anabaena impairs diazotrophic growth likely because of effects on the septal junctions (Nieves-Mori on et al., 2017b). We tested growth of the glsD, glsQ and glsR mutants in liquid and solid BG11 or BG11 0 medium. Growth was not significantly impaired in any of the mutants in the liquid media (Supporting Information Table S2A , no sugar added). In contrast, whereas none of the mutants showed a deficit in growth on solid BG11 medium, the glsR and glsQ mutants were found to be impaired in growth on solid BG11 0 medium (Fig. 3) . Septal junctions mediate intercellular molecular transfer that can be studied by Fluorescence Recovery After Photobleaching (FRAP) analysis with fluorescent markers including calcein and 5-carboxyfluorescein (5-CF) (Mullineaux et al., 2008; Merino-Puerto et al., 2011) . Intercellular transfer of these markers, quantified as the recovery constant R, was tested in the glsD, glsQ and glsR mutants. Whereas the glsQ mutant showed R values that were consistently lower than the wild-type figures for both calcein and 5-CF, the glsD and glsR mutants were impaired in calcein transfer but not in 5-CF transfer (Table 2) . Hence, the glsQ mutant appears to be the most affected in intercellular transfer of fluorescence markers. Table S2 for the complete set of data. Fig. 3 . Growth of strains CSMN17 (glsD::pCSL145), CSMN18 (glsR::pCSL145) and CSMN19 (glsQ::pCSL145) on solid BG11 or BG11 0 medium. Filaments grown in BG11 medium (in the presence of Nm for the mutants) were collected, washed with BG11 0 medium and spotted on plates as shown (successively diluted spots contained 10, 5, 2.5, 1.25 and 0.625 ng chlorophyll a). The plates were incubated for 8 days (BG11 medium) or 14 days (BG11 0 medium) and photographed. The growth medium in the left panels was not supplemented with Nm to allow comparison with wild-type Anabaena (WT). Addition of Nm (right panels) inhibited growth of the wild type as expected.
Localization of SepJ and protein-protein interactions
Specific glucoside transporters have been found to influence septal junctions by either affecting localization of the septal protein SepJ or by possible protein-protein interactions with SepJ (Nieves-Mori on et al., 2017b). We investigated the subcellular localization of SepJ in the mutants generated in this work by immunofluorescence analysis performed with antibodies raised against the coiled-coil domain of SepJ (Ramos-Le on et al., 2015). SepJ was found localized at the intercellular septa of filaments of the glsD, glsQ and glsR mutants in a similar way as in the wild type (Supporting Information Fig. S4 ).
To investigate possible interactions of GlsD and GlsQ with SepJ and to assess whether some of the identified components of ABC transporters could be partners in specific transporters, we performed Bacterial Adenylate Cyclase Two Hybrid analysis (BACTH). In this analysis, adenylate cyclase activity is reconstituted from two fragments, T25 and T18, of adenylate cyclase from Bordetella pertussis brought together by interacting proteins fused to each of those fragments (Karimova et al., 1998) . Reconstituted adenylate cyclase in Escherichia coli produces cAMP that promotes induction of lacZ encoding b-galactosidase. Because cAMP has to be produced in the cytoplasm, the periplasmic SBP GlsR could not be included in this analysis. T25 and T18 fusions to GlsC and GlsP have been described previously (Nieves-Mori on et al., 2017b). We have now constructed N-terminal and C-terminal fusions of both T25 and T18 to each of the newly identified proteins GlsD and GlsQ. GlsD is a cytoplasmic protein and GlsQ is an integral membrane protein with its N-and C-termini predicted to be cytoplasmic. Of the tested combinations, GlsD interacting with itself produced high levels of bgalactosidase activity indicating self-interaction ( Fig. 4 ; see complete set of data in Supporting Information Table  S3 ). Previous work showed self-interaction also for GlsC (Nieves-Mori on et al., 2017b; included in Fig. 4 for comparison). Interestingly, GlsD interacted also with GlsC. Additionally, GlsD was found to interact with GlsP, GlsC with GlsQ and GlsP with GlsQ. Although these latter interactions were relatively weak, it should be noted that they were statistically significant (see Supporting Information Table S3 ). Finally, GlsQ was found to interact with SepJ, resembling the GlsP-SepJ interaction described previously (Nieves-Mori on et al., 2017b; included in Fig. 4 for comparison) . This interaction may constitute the basis for the requirement of GlsQ for full intercellular molecular transfer and diazotrophic growth on plates.
Discussion
Results in this work indicate that GlsD (NBD) has a quantitatively important role in esculin uptake and in sucrose-stimulated growth in Anabaena, suggesting that Filaments of the wild type and the indicated mutants grown in BG11 medium (with Nm for the mutants) and incubated in BG11 medium without Nm for 18-24 h were used in FRAP analysis as described in Suppl. Experimental procedures. Data (R, recovery constant) are the mean and SEM of the results obtained with the indicated number of filaments (n) subjected to FRAP analysis. Filaments from eight cultures of the WT or three cultures from each mutant were used for calcein, and filaments from 12 cultures of the WT or two cultures from each mutant were used for 5-CF. Student's t test (mutant vs. wild type) p is indicated in each case. Fig. 4 . Bacterial two-hybrid analysis of interactions between Gls proteins and between Gls proteins and SepJ.
Interactions of T25-and T18-fusion proteins produced in E. coli were measured as b-galactosidase activity in liquid cultures. The protein fused to the N-or the C-terminus of T18 or T25 is indicated in each case (N-termius, protein-T18 or protein-T25; C-terminus, T18-protein or T25-protein). Data are mean and SEM of the activity with the indicated pair of fusion proteins less the activity of the T25/ T18 negative control. Only interactions that were significant at p < 0.05 are shown. See Supporting Information Table S3 for the complete set of data.
GlsD is an essential component of transporters involved in the uptake of sucrose. Our results additionally show that GlsC (NBD) is also needed to assimilate sucrose, suggesting that GlsC and GlsD work together in the ABC glucoside uptake complexes of Anabaena. Consistently, GlsC and GlsD were observed to interact in BACTH analysis. Nonetheless, each of these proteins is also able to interact with itself suggesting that they can act as homodimers in some ABC transporter complexes. A transporter containing specifically GlsC appears to be especially relevant for glucose uptake. NBD proteins serving different TMD complexes in ABC transportersthe so-called multitask ABC ATPases -are well known, and classical examples are MalK and similar proteins that energize di-and oligo-saccharide uptake in several bacteria (Schl€ osser et al., 1997; Webb et al., 2008; Ferreira and de S a-Nogueira, 2010) . The GlsP and GlsQ TMDs are also needed for full esculin uptake and sugar-stimulated growth, they interact with each other in BACTH analysis, and the genes encoding their orthologs are clustered together in the genomes of many heterocyst-forming cyanobacteria. These observations together suggest that GlsP and GlsQ are partners in ABC transporter complexes. The periplasmic SBP GlsR is also needed for full esculin uptake and sugar-stimulated growth, and a gene encoding a GlsR ortholog is clustered together with genes encoding GlsP and GlsQ orthologs in the genomes of some cyanobacteria. Therefore, GlsR may be a partner of GlsP and GlsQ. On the other hand, because the glsP, glsQ and glsR mutants still show substantial activity of esculin uptake and sucrose, fructose-and glucose-stimulated growth, additional SBPs and TMDs should be involved in the uptake of these sugars.
The 12 possible components of ABC sugar uptake transporters encoded in the Anabaena genome (Supporting Information Table S1 ) belong to the Transporter Classification Database (TCDB) family 3.A.1.1 (Saier, 2000;  for the most recent discussion of the TCDB see Saier et al., 2016) , which transport disaccharides and other complex saccharides and for which the MalEFGK transporter of E. coli (MalE, SBP; MalF and MalG, TMDs; MalK, NBD) is a well-known representative (Nikaido, 1994) . The predicted Anabaena proteins are four periplasmic SBP, six TMDs (three most similar to MalF and three to MalG) and two NBDs (Supporting Information Table S1 ). These data together with our results discussed above suggest the presence in Anabaena of at least three ABC glucoside transporters, one of which may be constituted by GlsR (SBP), GlsPGlsQ (TMDs) and GlsC-GlsD (NBDs). The membrane complex of this transporter may use additional SBP(s), for which there is precedent in ABC transporters (Davidson et al., 2008) , and the NBD proteins appear to be shared by the three glucoside transporters as discussed earlier.
The Gls proteins have a role not only in sucrosestimulated growth but also in fructose-and glucosestimulated growth. These results indicate that fructose and glucose can be incorporated into Anabaena at least in part by the ABC glucoside uptake transporters. Transport of fructose and glucose appears to take place, however, with low affinity. Thus, our results of direct uptake of [ 14 C]glucose by Anabaena permit to estimate a relatively high K s of at least 20 mM, and the analysis of uptake of [ 14 C]fructose reported by Stebegg and colleagues (2012) also suggest low affinity. In contrast, the K s of Anabaena for sucrose (determined in fragmented filaments) is 4.9 mM (Nicolaisen et al., 2009b) and for esculin 150 mM (in BG11 medium) or 119 mM (in BG11 0 medium) (Nieves-Mori on et al., 2017b). Hence, Anabaena expresses high-affinity cytoplasmic membrane transporters for sucrose but not for fructose or glucose (see also Ungerer et al., 2008) . Indeed, no ORF evidently encoding a fructose or glucose transporter is found in the Anabaena genome. Why, then, is growth stimulated more by fructose or glucose than by sucrose?
We have previously reported that Anabaena appears to lack any sucrose porin (Nicolaisen et al., 2009b) , but the Anabaena genome contains genes encoding homologs to porin OprB (Nicolaisen et al., 2009a) . OprB porins mediate the movement through the outer membrane of glucose and other monosaccharides (Wylie and Worobec, 1995; van den Berg, 2012) , and an OprB-like porin in N. punctiforme is involved in glucose and fructose uptake (Ekman et al., 2013) . Facilitated movement through the outer membrane may be a key factor to permit assimilation of the sugars by Anabaena. Once in the periplasm, fructose and glucose can be transported into the cytoplasm, albeit with low affinity, by cytoplasmic membrane glucoside transporters. In contrast, sucrose hardly passes the outer membrane, but the sucrose molecules that reach the periplasm can be transported into the cytoplasm with high affinity. Sugar concentrations in freshwater and terrestrial environments are normally in the mM range, but there are reports of up to 4.5 mM (Hobbie and Hobbie, 2013) , implying that the Anabaena sugar transporters might be useful in such environments. The ABC transporter Gls appears to be needed also for normal function of septal junctions in the Anabaena filament. As mentioned earlier, GlsC (NBD) is required for normal subcellular localization of SepJ and septal maturation (Nieves-Mori on et al., 2017b). The NBD protein GlsD studied here is however not needed for SepJ localization indicating that this is a specific role of GlsC likely acting independently of GlsD. On the other hand, ABC glucoside transporters in Anabaena 45 inactivation of GlsQ (TMD) has an effect similar to that of inactivation of GlsP (TMD) on the intercellular transfer of calcein and 5-CF (compare to data in Nieves-Mori on et al., 2017b). The requirement of the ABC glucoside transporter Gls for the normal function of the septal junctions could be based on protein-protein interactions between the TMD subunits and SepJ (as shown by BACTH analysis), and it can account, at least partly, for the growth defect of the mutants.
Our work has identified an ABC glucoside transporter (Gls) from Anabaena that can be probed with the fluorescent marker esculin and is involved in the uptake of sucrose, fructose and glucose. In addition to its influence on the septal junctions, a putative function of this transporter is to mediate sugar assimilation. It should be noted, however, that we have consistently observed sugar-stimulated growth of Anabaena mainly in standing liquid cultures. Different relationships of gases (O 2 and CO 2 ) in different incubation conditions (growth on a surface or in shaken or standing liquid cultures) may affect the growth response to sugars. The presence in the Anabaena genome of numerous genes encoding organic substrate transporters is consistent with the idea that microorganisms are prepared to take up extensively substrates that become available (Hobbie and Hobbie, 2013; Muñoz-Marín et al., 2013) . Whereas the wide distribution of cyanobacteria in our planet is likely based on their photoautotrophic lifestyle, the capability of mixotrophic growth could enhance fitness in many ecological niches. 
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